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Facing the advent of the next generation cosmological surveys we present a method to forecast
knowledge gain on cosmological models. We propose this as a well defined and general tool to
quantify the performance of different experiments in relation to different theoretical models. In
particular, the assessment of experimental performance will benefit enormously from the fact that
this method is invariant under re-parametrization of the model. We apply this to future surveys
and compare expected knowledge advancements to the most relevant experiments performed over
the history of modern cosmology. When considering the standard cosmological model, we show that
it will rapidly reach knowledge saturation in the near future and forthcoming improvements will
not match the past ones. On the contrary, we find that new observations have the potential for
unprecedented knowledge jumps when extensions of the standard scenario are considered.
Over the last century, modern cosmology saw enor-
mous theoretical and technological advancements that
brought it to the era of “precision cosmology”. After
its introduction, the standard Λ-Cold Dark Matter cos-
mological model (ΛCDM) saw remarkable experimental
confirmation and nowadays all the parameters defining
this model are all measured with high precision.
Still, many aspects of this model are lacking a deep
physical interpretation. In particular, regardless of the
increasing accuracy of cosmological measurements, the
nature of Dark Matter and Dark Energy is still unclear.
Future surveys are designed and are being developed to
push the experimental precision with which we map the
universe even further, with the aim of shedding light on
these aspects.
With this data abundance awaiting us in the near future
it is becoming increasingly relevant to quantify knowl-
edge advancements. Future cosmological experiments
are requiring a longer and longer time to be developed
and we need to plan ahead the scientific targets of such
missions.
With the present letter we show how to quantify and
forecast the knowledge gain from cosmological probes
and we propose this as a well defined and general Figure
of Merit to quantify experiment performances. We apply
this statistical technique to some of the most relevant
experiments performed over all the history of modern
cosmology and we forecast future knowledge advance-
ments. We show the improvement of the information
brought to cosmology by observations, from Hubble’s
measurements to the most up to date available data
and, following the same procedure, we quantify the
contribution of upcoming planned experiments. We
perform this investigation both assuming the ΛCDM
model, with minimal extensions, and allowing for more
freedom in the Dark Energy sector.
We show that the ΛCDM model is rapidly approaching
knowledge saturation in the near future with an infor-
mation gain that does not match the advancements of
the past century. On the contrary, when considering
extensions of the ΛCDM model, we still have in the
future significant knowledge jumps that will improve
the knowledge on these models when compared to the
present day state and the past.
Information Gain as a figure of merit.
In the quest for a way of quantifying and forecast-
ing knowledge gain we shall resort to information the-
ory. In particular we shall use the Kullback-Leibler diver-
gence, also known as information gain or relative entropy
that quantifies the proximity of two probability distribu-
tions. Consider two probability density functions (PDF),
P1 and P2 of a d dimensional random variable θ. The
Kullback-Leibler (KL) divergence is defined by:
D (P2||P1) ≡
∫
P2(θ) log2
(
P2(θ)
P1(θ)
)
dθ [ bits ] (1)
and represents the information difference in going from
P1 to P2, in bits [1]. The KL divergence finds application
in several branches of science and was used in a cosmo-
logical context in [2–8].
Here we apply Eq. (1) to the posterior of two differ-
ent experiments by setting P1,2 = P (θ|M)L(θ,D1,2,M),
where P (θ|M) denotes our prior on the θ cosmological
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2parameters of modelM and L(θ,D1,2,M) stands for the
likelihood of the two data sets respectively, within model
M.
We focus on forecasting this quantity and to do so we
assume that the posterior of the two considered experi-
ments is Gaussian both in the cosmological parameters
and the data. This is clearly an optimistic assumption
whose goodness depends on the constraining power of the
considered probe. Since we focus on optimistic forecast-
ing of cosmological knowledge improvement, the Gaus-
sian assumption fits in with this ideal set up. We shall
call F1,2 the Fisher matrices of the two data sets and iden-
tify those with the inverse parameters covariance of the
likelihood. In addition we shall consider a prior distribu-
tion characterized by a Fisher matrix Fp. In this set-up
we assume that the mean parameters of the posterior are
the same for all the considered distributions; in doing this
we focus on the information improvement resulting from
the shrinking of the posterior distribution, neglecting the
contribution due to a difference in the mean parameters.
Under these assumptions it can be shown that the KL
divergence (1) can be written as:
D (P2||P1) = 1
2 ln 2
[
− ln det (F1 + Fp)
det (F2 + Fp)
− d+ Tr
[
(F2 + Fp)
−1
(F1 + Fp)
] ]
.
(2)
Using this quantity to measure the performances of a cos-
mological experiment has several advantages over other
statistical indicators, such as the Dark Energy Task Force
(DETF) Figure of Merit (FoM) [9]. We shall briefly com-
ment here on the main ones. The first advantage of the
KL divergence is that it is invariant under reparametriza-
tions, as can be seen from its definition Eq. (1) or its
Gaussian approximation, Eq. (2). That is, within a given
model, the quantity of information that we posses does
not depend on our, arbitrary, choice of the parameters
definition. In order to understand this invariance, let us
assume the original Fisher matrices are mapped into new
ones using a similarity transformation,
F˜1 = (J
−1F1−1J)−1 ; F˜2 = (J−1F2−1J)−1. (3)
Substituting the above equations into Eq. (2), using the
identity ln detA = Tr lnA and the fact that the trace
is invariant under similarity transformations, we can eas-
ily see that Eq. (2) is invariant under a reparametrisation
transformation. Another advantage is that Eq. (2) is well
defined in the case of degenerate parameters. Thanks to
these properties it can be used to compare consistently
the performances of a cosmological probe for different
models on the same scale. Finally it incorporates a bal-
ancing factor, dependent on the dimension d of the model
parameter space, that penalizes models with many pa-
rameters, if no knowledge is gained on those.
In the remaining of this Letter we show three applica-
tions of the KL divergence. The first one consists in
quantifying the information gained by a single experi-
ment with respect to the prior distribution, and we shall
call it the Prior Information Gain. The second one con-
sists in quantifying the information gain, with respect
to the prior, of multiple experiments, adding all the in-
dependent ones progressively and replacing the surveys
whenever a more recent observation of the same probe
is available. We shall call this the Cumulative Informa-
tion Gain. The third application that we show consists
in evaluating the information gained only on a particular
aspect of a model, in our case the parameters defining an
extension of the ΛCDM model. To do so we marginalize
over the base ΛCDM parameters and we evaluate the cu-
mulative information gain from the Fisher matrix of the
model parameters. We shall refer to this as the Model
Information Gain.
Data sets, models and tools.
In this Letter we shall compute the information gained,
on different cosmological models, by several past and fu-
ture experiments. We shall consider the following past
probes: the determination of the Hubble constant, as
measured by Edwin Hubble [10], as determined by the
Hubble Space Telescope (HST) Key Project [11] and
the HST in 2016 [12]; measurements of the Cosmic Mi-
crowave Background (CMB) anisotropies by the Cosmic
Background Explorer (COBE) [13, 14], Wilkinson Mi-
crowave Anisotropy Probe (WMAP) [15] and Planck [16]
satellites; measurements of the luminosity distances of
low redshift [17] and high redshift supernovae [18, 19]
and from the HST Supernova Survey [20, 21].
In addition to these experiments we shall consider
the following future surveys: measurements of CMB
anisotropies by the Simons Array [22] and by the Cosmic
ORigins Explorer (CORE) satellite [23]; the DETF spec-
ifications for Stage IV LSS and supernovae survey both
ground and space based1 [9]; measurements of redshift
drift from the European-Extremely Large Telescope [24].
As we place ourselves in a ideal forecasting framework, we
always consider the most optimistic specifications avail-
able in the above references. For LSS probes we consider
both weak lensing shear and galaxy clustering measure-
ments, accounting for their cross correlations and for the
cross correlation with CMB probes.
The time placement of future surveys is subject to errors
and, while the scheme that we choose is probably unreal-
istic, we argue that the physical picture does not strongly
depend on that.
We consider the information that is gained and will be
obtained on several models. The first that we consider is
1 the space based LSS survey is modified to account for a larger
sky coverage fsky = 0.5
3H
ub
bl
e
H
0
101
102
103
104
105
106
107
108
109
1010
b
it
s
ΛCDM Information Gain:
C
O
B
E
Lo
w
z
SN
H
i z
SN
H
ST
H
0
H
ST
SN
W
M
A
P
P
la
nc
k
20
15
H
0
20
16
Si
m
on
s
A
rr
ay
D
E
T
F
SI
V
LS
S
sp
ac
e
D
E
T
F
SI
V
SN
gr
ou
nd
D
E
T
F
SI
V
LS
S
gr
ou
nd
C
O
R
E
E
-E
LT
R
D
D
E
T
F
SI
V
SN
sp
ac
e
Single Probe IG Cumulative IG
1920 1940 1990 2000 2010 2020 2030 2040
FIG. 1: Information Gain on the ΛCDM model. The light curve displays the cumulative ammont of information obtained by
summing all the independent experiments up to a given time. The dark curve measures the information content of each of the
single probes. The red dashed curve indicates the present time.
the baseline ΛCDM model, as specified by its six param-
eters (Ωbh
2,Ωch
2, h, ln(1010As), ns, τ), respectively the
fractional density of baryons, the fractional density of
CDM, the reduced Hubble constant h = H0/100, the am-
plitude of the primordial scalar perturbations spectrum
and its spectral index, the reionization optical depth.
Then we consider some extensions of the standard pic-
ture: the ΛCDM model with the addition of massive
neutrinos [25]; the ΛCDM model with the addition of a
primordial gravitational waves component, parametrized
by the tensor to scalar ratio r; the Chevallier-Polarski-
Linder (CPL) parametrization of the Dark Energy equa-
tion of state [26, 27]; the gravitational growth index γ
parametrization for a modified growth of cosmic struc-
tures [28]; Low-energy Horˇava gravity, that was first pro-
posed in [29] and included in EFTCAMB in [30]. We
consider the model in Horˇava gravity that evades solar
system constraints [30, 31].
All the results presented in this Letter are obtained
with the CosmicFish forecasting code [32]. This allows
to obtain Fisher matrix forecast for all the above con-
sidered cosmological experiments and models. To ob-
tain cosmological predictions for the ΛCDM, ΛCDM +
mν , ΛCDM + r, CPL models the CosmicFish code uses
the CAMB sources code [33, 34], for the γ parametriza-
tion of the modified growth of cosmic structures it uses
MGCAMB [35, 36], for EFT based parametrizations of
DE/MG, as well as single DE/MG models like Horˇava
gravity, it uses the EFTCAMB code [37, 38].
The CosmicFish code is publicly available at http:
//cosmicfish.github.io. A CosmicFish package con-
taining all the relevant code to automatically produce all
the results presented in this Letter is publicly available
as well in the same website.
Information Gain in ΛCDM.
We start by analyzing in depth the information gained
in the standard ΛCDM model. Since this is our fiducial
cosmological model it is particularly relevant to evalu-
ate future knowledge advancements in the light of past
ones. Figure 1 shows the information progression, quan-
tified with the KL divergence Eq. (2), along the history of
modern cosmology as spanned by different experiments.
As we can see in this figure the cumulative information
gain, obtained by combining all the independent avail-
able experiments at a given time, shows several inter-
esting features. At first we see that we have noticeable
information jumps corresponding to measurements of the
COBE satellite followed by Hi redshift supernovae, and
by the HST H0 measurements. A radical gain in in-
formation comes from the WMAP satellite that, in this
picture, corresponds to the probe that gained most of the
knowledge on the ΛCDM model. The Planck satellite fur-
ther improved this knowledge by one order of magnitude
and the Simons Array is expected to substantially con-
tribute as well. After the Simons Array the next jump in
knowledge correspond to space based Stage IV LSS sur-
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FIG. 2: Model cumulative Information Gain. Different lines and colors show the cumulative information gained on the pa-
rameters defining extensions of the ΛCDM model, as explained in the legend. The red dashed curve indicates the present
time.
veys that add to the picture the information coming from
the clustering of cosmic structures. Noticeably after this
probe the information about the ΛCDM model saturates
and there is no other substantial improvement.
The most remarkable result for the ΛCDM model is that
the information gained in the last century, that amounts
to roughly 5.5 orders of magnitude, is not matched by
future improvements that will raise our knowledge about
the universe by just 1.5 orders of magnitude.
Figure 1 also shows the information gained by all probes
considered alone, i.e. what we call Single Probe IG.
This allows us to compute what is the best probe for
the ΛCDM model and, not surprisingly, it is a LSS Stage
IV survey from ground, followed by the LSS Stage IV
survey from space and CMB probes.
We can see that, as time passes, the information content
of all probes increases, in particular when we consider the
same kind of probe. H0 and SN measurements, in partic-
ular, improve by orders of magnitude but are somewhat
penalized when compared to the constraining power of
CMB and LSS probes.
Information Gain in extended models.
The physical picture previously presented drastically
changes when considering extended and alternative mod-
els to the ΛCDM one. Figure 2 shows the informa-
tion gain, quantified with the KL divergence Eq. (2), as
spanned by different, time ordered, experiments. This
figure in particular focuses on the information gain of
different cosmological probes when considering only the
parameters defining the extensions of the ΛCDM model,
having marginalized over the base parameters, what we
called Model Information Gain. As we can see WMAP
observations provide a improvement in knowledge on all
the considered model, specially on MG models and on
massive neutrinos. Similarly the Planck CMB survey in-
creases information on all ΛCDM extensions considered.
This time, however, measurements of r together with the
neutrino mass receive the highest boost in information,
thanks to the measurement of CMB polarization.
Moving to future experiments, we can see that the Si-
mons Array will only slightly improve the knowledge
about DE/MG models while providing a substantial
jump on primordial GWs.
Models of DE/MG, instead, experience their next sub-
stantial knowledge improvement from space based LSS
surveys. In particular, within the considered models, the
information gain on Horˇava gravity is particularly signif-
icant with a jump of approximately 8 orders of magni-
tude. This huge advancement in knowledge is driven by
galaxy clustering and weak lensing. All the LSS windows
and their cross correlations are modified and strong con-
straints arise from this tomographic information. More
specifically the bounds on the theory parameters go from
∼ 10−4 as in [30] to ∼ 10−7. Since these models mainly
alter the growth of cosmic structures, after this probe,
the information on them saturates and remains constant.
5In a similar way, massive neutrinos receive their last sig-
nificant increase in knowledge from LSS ground based
observations. On the other hand, the investigation of pri-
mordial GWs, will receive a substantial amount of infor-
mation from the CORE satellite, with a jump of roughly
two orders of magnitude on top of Simons Array advance-
ments.
Allow us to stress that Figure 2 can be used to compare
the performances of one experiment on different models
on the same comparison scale, which is instead not pos-
sible with other FoM definitions. This can be used to
understand and prioritize the scientific goals of cosmo-
logical experiments improving their aim.
In conclusion, in this Letter, we have used the KL di-
vergence to quantify knowledge advancements in cosmol-
ogy. In particular we worked out its application to fore-
casting and proposed to use it as a well defined, flexible
and powerful FoM for cosmological experiments. Using
the KL divergence to measure the performances of an ex-
periment has, in fact, substantial advantages over other
FoM that have been proposed in literature. In particular
it is invariant under reparametrizations and allows us to
compare the knowledge gain on different models on the
same comparison scale. In addition, several applications
for this statistical tool are possible, ranging from identi-
fying the most suited experiment for a given cosmological
effect to the optimization of the design of future cosmo-
logical surveys. We used the KL divergence to quantify
the information gained on different cosmological mod-
els by many past and future experiments. This shows
that, when considering the ΛCDM model, the knowledge
gained in the last century is not matched by future ex-
periments. In addition, information gain will saturate
with the introduction of Stage IV LSS surveys from space
and experiments after that will not substantially rise our
knowledge of the ΛCDM model.
We have shown that this picture is radically differ-
ent when considering several extensions of the ΛCDM
model: massive neutrinos; primordial GWs; the CPL
parametrization of the DE EoS; the γ parametrization
of a modified growth of structures; Horˇava gravity. For
the aspects characterizing these models we have shown
that future surveys will result in key knowledge improve-
ments, and in particular for Horˇava models these will
have an enormous jump.
These results show that, while in the last century we
measured the parameters of the ΛCDM model to high
precision, in the future the gain in information will be
connected to the discovery of new physics, outside the
description of the standard cosmological model.
The results presented in this Letter were possible
thanks to the forecasting tools that we implemented in
the CosmicFish code that is publicly available at http:
//cosmicfish.github.io.
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